Nipa (Nypa fruticans Wurmb) sap/sugar production has been practiced sustainably over a hundred years in southern Thailand. Farming techniques such as tapping were established over the times, however the variation of sap/sugar production and its regulating factors are not yet fully recognized. The daily sap yield and the sugar content were monitored for three years (2010, 2011 and 2012) in 7 nipa farms. The daily sap yield varied from 0.02 to 2 litres per fruit stalk with the sugar content ranging from 10.6 to 28.6%. The duration of sap production from the same fruit stalk was from 20 days to 56 days and the mean sugar content of 1,892 measurements was 18.1%. Although the density of the fruit stalks was of minimal significance, the growths of the fruit stalk were significantly related to sap production. Thicker and longer fruit stalk produced more sap. Water inundation affected the growths of the fruit stalk resulting in a decrease in sugar production 4 to 5 months after the rainy season. Nipa farms in the study site produced sugar at the rates of 3.2 to 6.5 tons/ha/year nevertheless farm management to increase growths of fruit stalk and to reduce impact of water inundation could enhance nipa sap/sugar production.
Introduction
Nipa (Nypa fruticans Wurmb) is a useful mangrove species in South, Southeast Asia and Oceania. Many palm species including nipa have been tapped throughout the tropical region for the production of fresh juice, fermented drinks, syrup, and raw and refined sugar (Dransfield, 1977; Päivöke, 1985; Udofia et al., 2005) . Such a practice has a long history, for example sugars of Borassus flabellifer were already extracted by Hindus 4,000 years ago (Fox, 1977) . Besides its traditional uses, nipa sap is currently the focus of attention as a feedstock for bioethanol (Matsui et al., 2011; Tsuji et al., 2011; Tamunaidu et al., 2013) on the basis of the finding that nipa could produce a higher amount of bioethanol than sugarcane and cassava at a lower cost (Hamilton & Murphy, 1988) . Despite its usefulness, there is still limited scientific data on nipa compared with other useful tropical palms such as coconut and oil palm. In particular, studies on nipa sap have been scarce since the monumental scientific reviews of nipa sap were published (Hamilton & Murphy, 1988; Päivöke, 1983) . These studies had significant implication since they showed actual amount of sap production from some fruit stalks (which are also called flower stalks or inflorescence). Upon these findings, it would be necessary to accumulate more information about sap production and/or growth behavior of fruit stalks, in order to promote nipa farming in places where coastal development is needed.
Over the past 50 years, approximately one-third of the world's mangrove forests have been lost due to anthropogenic activities (Alongi, 2002) . Considering the current alarming rate of mangrove forest destruction, coastal land management including nipa farming would be an effective countermeasure against irrational exploitation of degraded coastal areas. As for the planting technique for nipa, a number of trials were conducted in the sourthern Thailand (Bamrrongrugsa & Purintavarakul, 2006; Bamrrongrugsa et al., 2008 Figure 2 . Daily rainfall and temperature in three consecutive years (2010, 2011 and 2012) . A high amount of rainfall is concentrated from November to January whereas there is a small amount of rainfall from May to September
Farm Operation
In order to understand the general conditions in nipa farm operation, we firstly surveyed seven farmers and collected information regarding age, area of plantation, number of fruit stalks under sap collection and former land use. The yearly schedule of sap collection was also gathered for each farm.
Sap Production and Sugar Content Monitoring
At the nipa plantation sites, 3 or 4 sap producing fruit stalks were selected at each of five farms to monitor sap production. Sap was collected every morning between July 2010 and December 2012 and its volume and sugar content (Brix % w/w) were measured using a refractometer (Kyoto Electronics Manufacturing Co., Ltd., Japan). Sap monitoring was started when the farmer initiated sap collection and was ended when the farmer stopped collecting. The duration of sap collection was quite variable from less than 10 days to over 60 days. When the monitoring of one fruit stalk was finished, we moved to another to continue sap monitoring.
At one of the farms, the locations of bamboo containers allocated for sap collection were identified using a handy Global Positioning System (GPS) (Garmin eTrex 20) three times in June, September and December 2012.
Because daily sap monitoring only demonstrates the sap productivity of a single fruit stalk, sugar production was monitored at five farms between June 2012 and May 2013 in order to determine sap productivity on the farm (area) basis.
Growth of Fruit Stalks
Because sap is produced from the fruit stalk, understanding the growth behavior of the fruit stalk is highly important. Permanent plots with a size of 400 m 2 were established for studying the status of nipa fruit stalks. Two times a year in June and December, the number of fruit stalks according to different growth stages was counted at four farms. Growth stage was classified into four categories, 1) fruit bud emergence stage, 2) development stage of the fruit stalk, 3) flowering and fruiting, and 4) fruit maturation ( Figure 9 ).
For fruit stalks from which sap was collected, the length and diameter of fruit stalks as well as the number of surrounding fronds around fruit stalks were measured at three farms. To determine the photosynthetic activity of surrounding fronds, chlorophyll content was measured using a chlorophyll meter (SPAD-501, Minolta Co., Ltd., Japan).
The growth rate of fruit stalks was also monitored. Growth of fruit stalks was monitored at three farms from 17 July to 30 September for 75 days. One life cycle of a fruit stalk in one year, that is, starting from the emergence of the flower bud until the detachment of ripe nuts, was studied for fruit stalks under a high and low influence of the water in one farm. 
Results

Nipa Farming Operation
Five nipa farms studied were either shrimp ponds or paddies previously while the former land use of three farms were not identified (Table 1) . Three farms (Yong Yot's, Sompong's and Bunchoy's) have been operated over 100 years since their establishment, showing the longevity of nipa farming. Nipa farming has been normally operated by 2 -3 members of a family, but a small farm (Pramoon's) has been managed by only one person. On average, 150 -200 fruit stalks are tapped for daily sap collection and this number seems to be manageable for two persons to work in a day.
* -part I & II, ** -part II only.
Sap was collected almost all year around at two farms (Kan's and Sompong's) (Table 2) ; however, at certain times of a year, the other famers had to stop sap collection owing to the insufficient number of workers and to water inundation during the rainy season. Considering that 2 persons were engaged in nipa farming in a 1 -1.5 ha farm, the working area for one person was approximately 0.5 -0.75 ha.
The number of remained fronds after thinning differed among farms, which ranged from 2 to 10 fronds (Table 1) . The location of sap collection was changed in a farm. Kasem's farm was composed of three blocks ( Figure 3 ) and the areas of blocks 1, 2 and 3 were 6,217 m 2 , 4,289 m 2 and 7,875 m 2 , respectively. At each block, sap was collected for 2 to 3 months. Bamboo containers were mostly allocated in block 3 in June and gradually moved to blocks 1 and 2. Finally, sap was collected only in blocks 1 and 2 in December since block 3 was inundated at that time. Stdv* -standard deviation.
Sugar Content in Sap
The conversion rate of sap to sugar by boiling and evaporation is 100 litres of sap to 21 kg sugar on average. However, this depends on the sugar content in sap. Figure 5 shows the changes in sugar content in sap in five farms. Kasem's, Kan's, and Yong Yot's farms showed a consistent sugar content during the sap collection period. The sugar content in Kasem farm remained as high as 20%, while 16% in Yong Yot farm. In Kovit's farm, the sugar content was 18% at the start of sap collection and decreased to less than 13% at the end. Regardless of a low sap production, the sugar content was consistently high during the sap collection period in Pramoon's farm. . One-year changes in sugar production at different farms from the beginning of June 2012 to the end of May 2013. Sugar production was low during the rainy season (Dec) owing to water inundation and in May owing to the decrease in the number of fruit clusters caused by damage to flower buds during the rainy season
Sugar Production
Sugar production fluctuates in a year (Figure 6 ). Sugar production tends to decrease in the rainy season. However, sugar can be produced throughout a year, as shown in Kasem farm. The sugar production rates in tons per hectare per year were 6.5 in Kan farm, 6.4 in Pramoon's farm, 4.0 in Yong Yot's farm, 3.3 in Kasem's farm, and 3.2 in Sompong's farm. Generally, the sugar content in sap tends to decrease when the volume of sap produced is high, which is expressed as follows:
Sugar content (Brix % w/w) = -0.004 x Sap volume (ml) + 20.7 (R² = 0.25)
(1) Equation (1) shows that when 1 litre more of sap is produced, sugar content decreases by 4%. In 1,892 measurements, the mean sugar content was 18.1% and the average daily sap production per fruit stalk was 646.7 ml (Figure 7) . Some relationship between sap production and sugar content was found in Kan's and Pramoon's farms but not in Kasem's farm. Kasem's farm showed an invariable sap production but the sugar content differed markedly from 14 -25%, which was in contrast with Pramoon's farm in which the sugar content was in the narrow range between 22 and 27%. Both the perimeter and length of fruit stalks were much larger in Kovit's farm than in other farms (Table 4 ). The number of fronds surrounding a fruit stalk was in the range from 6 to 8, except in Yong Yot farm. SPAD value, which is an indicator of chlorophyll content, was also highest in Kovit's farm, indicating a higher photosynthesis activity in this farm than in the other farms. The number of flower buds was smaller in the rainy season (December) than in the dry season (June) (Figure 9 ) and differed depending on the year. This would indicate the influence of water inundation. The submergence of the nipa plant in water inhibits the emergence of fruit stalks and damages young flower buds. However, because the nipa fruit can stay alive nearly half a year after its maturation, fruit clusters are observed almost throughout the year. The growth behavior of fruit stalks in the frequent inundated area differed from that in the seldom inundated area (Figure 10 ). In the case of fruit stalks in the seldom inundated area, 14 days was needed from flower bud emergence to flowering, whereas in the case of those in the frequent inundated area, 20 days was required. The duration from flowering to fruiting was the same in both cases (10 days). The duration from flower bud emergence to fruit maturation for fruit stalks in the seldom inundated area was three months and that for fruit stalks in the frequent inundated area was four months. In both cases, ripe nut detachment occurred one year after fruit bud emergence.
Growth Pattern Of Fruit Stalks
Discussion
Sap/Sugar Production
Many other palm species can also produce sap, and the duration that a palm tree can be tapped also greatly varies depending on the palm species. Borassus flabellifer and Phoenix sylvestris produce sap only seasonally, and Arenga pinnata and Caryota urens produce sap for 5 -7 years because C. urens flowers every two or three years (Redhead, 1989; Dissanayake, 1977) . Elaeis guineensis and Cocos nucifera produce sap for a much longer period: 10 to 15 years for E. guineensis and 20 years for C. nucifera (Abedin et al., 1987) . Coconut palms can be tapped throughout the year as long as rainfall is satisfactory and every palm is allowed to rest for 4 months a year (Coconut Research Institute, 1967) . Nevertheless, the duration and number of months of nipa sap collection vary among the farms (Table 2) . When a farm is large enough, sap can be tapped throughout the year by changing the location of collection (Figure 3 ). Moreover, a large enough farm can solve the problem of damage caused by prolonged inundation.
The estimates of daily sap yield considerably varied from 0.02 to 2 litres per fruit stalk. The same was true for the sugar content of the sap (from 12 to 26%; Figure 5 ). A high variation in sap yield was observed among fruit stalks in the same farm but the variation among years in the same farm was relatively small except for Pakdee's farm (Table 3 ). This indicates that sap productivity is controlled by land quality.
The age of farm, palm density and climatic conditions are the factors controlling maple sugar content (Taylor, 1956) . Our study was conducted under the same climatic conditions. Age and density do not likely markedly affect sugar content, indicating that there are other factors controlling the sugar content of sap. Frond length decreased in the order of Kovit's (684.8 cm), Yong Yot's (646.7 cm), Bumchay's (602.9 cm) and Sompong's (540.3 cm) farms; sap production also followed this order. The diameter of fronds also showed the same tendency; the larger the diameter, more sap was produced. Biomass is a function of frond length and diameter; therefore, frond biomass could be related to the productivity of sap production.
Sugar is produced at the rates of 5-15 tons/ha/year for sugarcane, 18 tons/ha/year for Borassus flabellifer under rain-fed conditions (Khieu & Preston, 1995; Khieu, 1996) and 19 tons/ha/year for the coconut tree (Jeganathan, 1974) . In this study, it was estimated that nipa farming produces sugar at rates of 3.2 to 6.5 tons/ha/year, which is comparatively low. However, sugar production from nipa sap has advantages as follows: 1) no labor seasonality, 2) no replanting and rotation, 3) no residues and 4) not competitive with other crops (Hamilton & Murphy, 1988) .
The sugar content of nipa sap was reported to be 16.4% in Papua New Guinea (Päivöke, 1983) , whereas our study showed a higher content of 18.1%. The reason for this is not yet clearly known, other than the effect the volume of sap produced (Figure 7 ). The maple sugar content is affected by light, altitude, temperature, soil and water condition (Taylor, 1956 ). In the case of nipa, temperature, soil and water condition are considered to be most probable factors affecting sugar content.
Growth Behavior of Fruit Stalks
Growth behavior and the time of flowering and fruiting of plants are generally unclear in humid tropics because the dry and wet seasons are not distinctly divided. Our study site is located in monsoon tropics with clear difference between two seasons ( Figure 2) ; thus, we expected that plant growth behavior may demonstrate seasonality. The growth behavior of nipa fruit stalks in this study site seems to be influenced by seasonality; flowering and fruiting were observed throughout the year, but flower buds were scarecely found during a prolonged inundation period. Similarly to Borassus flabellifer that shows reduced sap yield during prolonged flooding (Dalibard, 1999) , our study also showed that inundation affected the growth of fruit stalks ( Figure 9 ) and decreased sugar production during the rainy season ( Figure 6 ). Fruit stalk growth was also different between fruit stalks in the frequent inundated area and those in the seldom inundated area (Figure 10 ). These indicate that the growth of fruit stalks is regulated by water, suggesting that it is vital to find adequate water condition for fruit stalk growth and for a higher sap/sugar production. (Table 4) , which coincided with the results reported by Rasco Jr. et al. (2012) , that is, the number of sap production days and fruit stalk length highly correlate with sap yield.
In Pamplona and Cagayan, Philippines, 1 ha is considered to be an economically viable land size for nipa sap farming (Ame et al., 2011) . This obviously depends on the family size and economic condition. Our study however showed that the economically viable size for nipa farming in southern Thailand was lower than this, 0.5 -0.75 ha/person.
The location of sap collection was changed every two or three months (Figure 3 ). This cannot be done in small farms such as Pramoon's farm. Moving the tapping location may prevent the overexploitation of nipa plants and provide some time for the plants to recover, improving land productivity.
Longevity of Nipa Farming
One notable characteristic of nipa farming is its long-term operation. In the study area, nipa farming has been operated over 100 years, during which sap has been continuously collected without replanting and fertilization (a few farmers applied fertilizer). This outstanding longevity enables sustainable land use in tropical coastal areas, which is in sharp contrast to short-lived land use (5 years on average) in an intensive shrimp aquaculture (Sathirathai, 1998) . Many coastal areas are likely to benefit from nipa farming when it is well combined with other land uses.
On the basis of a successful system of long-term and well-managed mangrove charcoal production and fishery, Matsui (2010) pointed out a stable income from mangrove products is necessary for sustainable mangrove management, provided that productivity is securely maintained. Nipa farming provides a stable income with sustained productivity; therefore, it could play a key role in sustainable coastal management.
Conclusions
The duration of sap collection, sap yield and sugar content were highly variable among fruit stalks and farms. The duration of sap production from the same fruit stalk was from 20 days to 56 days with the daily sap yield ranging from 0.02 to 2 litres and with the sugar content from 10.6 to 28.6%. Sugar content significantly differed among farms, although the daily variation in the same fruit stalk was small. The length and diameter of fruit stalks were related with sap production. Higher sap production was found in the thicker and longer the fruit stalks. Both the number and the growth of fruit stalks were influenced by water inundation because fruit maturation was retared as well by submergence of water. These imply that hydraulic management would be an important measure to enhance nipa sap production.
